INTRODUCTION
============

Changes in the biotic and abiotic environment are sensed and transmitted through various signaling cascades to finally cause gene expression changes in the nucleus. In contrast to animals, sessile organisms such as plants do not have the ability to avoid non-permissive conditions by migration to more favorable sites, but need to specifically respond and adapt by physiological or developmental reprogramming ([@gkt732-B1]). One of the largest classes of transcription factors in plants is the WRKY protein family, which is well known for its engagement in the abiotic and biotic stress response ([@gkt732-B2; @gkt732-B3; @gkt732-B4; @gkt732-B5; @gkt732-B6; @gkt732-B7; @gkt732-B8; @gkt732-B9; @gkt732-B10]). Certain WRKY transcription factors also have an important function in the development of seeds or during senescence, in the establishment of cell identities of trichomes or root hairs and in epigenetic processes such as imprinting ([@gkt732-B11; @gkt732-B12; @gkt732-B13; @gkt732-B14; @gkt732-B15; @gkt732-B16; @gkt732-B17; @gkt732-B18; @gkt732-B19]).

Since their first discovery in wild oat and sweet potato ([@gkt732-B20; @gkt732-B21; @gkt732-B22]), multiple members of WRKY transcription factors have been identified in all existing land plant species ([@gkt732-B3],[@gkt732-B7],[@gkt732-B10],[@gkt732-B23; @gkt732-B24; @gkt732-B25; @gkt732-B26; @gkt732-B27; @gkt732-B28; @gkt732-B29; @gkt732-B30; @gkt732-B31]). The number of family members in the different species of land plants varies and increased during the evolution of modern angiosperms and especially in grasses and asterids ([@gkt732-B10],[@gkt732-B23],[@gkt732-B27],[@gkt732-B30],[@gkt732-B32; @gkt732-B33; @gkt732-B34; @gkt732-B35]). It has been proposed that this expansion has co-evolved with the increasing complexity of the body plans and the arms' race of land plants with pathogens ([@gkt732-B7],[@gkt732-B8],[@gkt732-B25],[@gkt732-B36],[@gkt732-B37]). Although some WRKY proteins can be large and have a number of additional domains, others consist of only little more than the highly conserved WRKY DNA-binding domain (DBD), which all WRKY transcription factors have in common ([@gkt732-B3],[@gkt732-B7],[@gkt732-B22]). All WRKY DBDs are ∼60 amino acids in size and characterized by the conserved heptad WRKYGQK amino acid motif at their N-terminus and a zinc ion chelating finger structure at their C-terminus. The WRKY DBD is responsible for recognition of the cognate 'TTGACY\' DNA-binding motif of the W-box in the promoters of target genes ([@gkt732-B3],[@gkt732-B4],[@gkt732-B22],[@gkt732-B38; @gkt732-B39; @gkt732-B40]). Recent analyses have shown that the WRKY DBDs are members of the mammalian GCM (glial cell missing) 1 superfamily of zinc finger transcription factors, which probably evolved from non-catalytic endonuclease DBDs such as transposases ([@gkt732-B2],[@gkt732-B25],[@gkt732-B37],[@gkt732-B41]).

On the basis of the numbers of WRKY DBDs per protein and the type of zinc finger motif consensus, the large family of WRKY transcription factors is divided into three paraphyletic groups and several subgroups ([@gkt732-B3],[@gkt732-B7],[@gkt732-B10]). The hallmark of all group I WRKY proteins is the presence of two WRKY DBDs, whereas group II and III WRKY proteins have only a single WRKY DBD ([@gkt732-B3],[@gkt732-B7]). The N-terminal WRKY DNA-binding domain (nDBD) and the C-terminal WRKY DNA-binding domain (cDBD) display a high degree of structural similarity and must have evolved by a domain duplication event in the early WRKY protein evolution ([@gkt732-B7],[@gkt732-B37],[@gkt732-B42; @gkt732-B43; @gkt732-B44]). In most cases, both domains share the WRKYGQK amino acid motif and a C-x~4--5~-C-x~22--23~-HxH zinc finger consensus. Despite these obvious similarities between the nDBD and the cDBD, the DNA sequences encoding these domains display significant divergence. For example, the coding sequence of group I cDBDs usually harbors an R-type intron between the WRKYGQK motif and the zinc finger, whereas there are no introns in the coding sequences of the nDBDs ([@gkt732-B3],[@gkt732-B29]). Group I WRKY transcription factors are not restricted to the plant lineage, but are also found in the unicellular eukaryote *Giardia lamblia* and the slime mold *Dictyostelium discoideum* ([@gkt732-B8],[@gkt732-B10],[@gkt732-B30]). Instead, group II and III proteins appear to be specific for the green plant lineage. Despite the monophyletic nature of all WRKY DBDs, the proteins contained in group II are of noticeable paraphyletic origin and, hence, are more diverse in their DBDs compared with group I DBDs: there are several examples known where the conserved WRKY motif is altered to WRRY, WKRY or WKKY ([@gkt732-B7],[@gkt732-B24],[@gkt732-B25],[@gkt732-B32]). In addition, the R-type intron inside of the WRKY DBD coding sequence differs in its position in some of the group II WRKY clades ([@gkt732-B3],[@gkt732-B29]). Although Eulgem *et al.* ([@gkt732-B3]) divided group II WRKY proteins initially into the five subgroups IIa--IIe, phylogenetic analysis of WRKY DBD sequences from *Arabidopsis* and rice led to reorganization of the group II WRKY proteins and merged four of the clades into only two new sister groups IIa + b and IId + e ([@gkt732-B7],[@gkt732-B10]). As more accurate genome sequences become available, there is also increasing information on full-length protein sequences of WRKY proteins. Although previous reports could solely focus on the phylogeny of the WRKY DBD, insights gained from full-length WRKY protein evolution analyses describe the descent of other domains besides the WRKY DBD ([@gkt732-B24],[@gkt732-B29],[@gkt732-B33]). Subclade-specific functions, differing positions of intron--exon boundaries and divergent domain structures within the group II subgroups are again in favor of the initially defined five WRKY subgroups IIa--IIe ([@gkt732-B3],[@gkt732-B24],[@gkt732-B29],[@gkt732-B32],[@gkt732-B45]). Almost all group II proteins possess a conserved C-x~5~-C-x~23~-HxH zinc finger consensus ([@gkt732-B3],[@gkt732-B7]). Instead, group III WRKY DBDs differ from group I and II WRKY by the divergent C-x~4--7~-C-x~23-(24--30)~-HxC zinc finger motif ([@gkt732-B3],[@gkt732-B7]). Phylogenetic analyses revealed that group III WRKY DBDs are evolutionary the youngest ([@gkt732-B3],[@gkt732-B7],[@gkt732-B10]). Nevertheless, they are present in early land plant species, such as the moss *Physcomitrella patens*, indicating all WRKY groups evolved prior to the moss lineage ∼500 million years ago.

Despite the differences in their zinc finger motifs, it is accepted that all WRKY DBDs share a high degree in structural similarity ([@gkt732-B3],[@gkt732-B7],[@gkt732-B37]). Recently, both a nuclear magnetic resonance (NMR) solution structure of *At*WRKY4 cDBD bound to the 'TTGACY' W-box consensus and a high-resolution X-ray structure of *At*WRKY1 cDBD resolved a β-sheet structure of five (four antiparallel) β-strands that enclose the zinc coordinating finger structure ([@gkt732-B42; @gkt732-B43; @gkt732-B44]). For some WRKY proteins, it was shown that the region preceding the second β-strand is important for an interaction with VQ proteins, such as sigma factors ([@gkt732-B46]). The heptad 'WRKYGQK\' sequence forms this second β-strand that contacts the positively charged nucleobases and the negatively charged phosphate backbone ([@gkt732-B42; @gkt732-B43; @gkt732-B44]). It protrudes with its rim into the major groove of the DNA ([@gkt732-B42; @gkt732-B43; @gkt732-B44]). The nDBD of group I WRKY proteins has never been shown to bind to DNA, although homology modeling of *At*WRKY1 nDBD based on the cDBD crystal structure postulated the DNA-binding abilities also for nDBDs ([@gkt732-B20],[@gkt732-B39],[@gkt732-B42],[@gkt732-B47; @gkt732-B48; @gkt732-B49]).

Here we discuss a phylogeny of the WRKY DBD that gives evidence for several independent gains and losses of WRKY DBDs throughout evolution that support paraphyletic origins for groups I and II. Furthermore, we have evidence that group IIc WRKY DBDs are direct descendents from an ancestral group IIc-like WRKY DBD that evolved in basal eukaryote lineages. Apart from group IIc, we postulate a monophyletic origin of groups II and III from group I by loss of the nDBD. Interestingly, all WRKYs analyzed so far bound with highest affinity to the W2-box consensus. Therefore, the question arises how stimulus-specific responses are coordinated given that expression patterns and DNA-binding specificities of different WRKY proteins overlap. By DNA--protein interaction (DPI)-enzyme-linked immunosorbent assay (ELISA) screens, we analyzed the variation in WRKY DBD--DNA recognition and were able to assay the binding capabilities of *At*WRKY33 c- and nDBD (group I), *At*WRKY11 DBD (group IId) and *At*WRKY50 DBD (group IIc). These analyses revealed for the first time the postulated group I nDBD DNA-binding ability. Furthermore, we analyzed the WRKY--DNA interaction by homology modeling, molecular dynamics simulations and quantitative DPI-ELISA in detail. *At*WRKY11 and *At*WRKY50 DBDs significantly differ within the conserved WRKYGQK peptide of the second β-strand of the β-sheet that is protruding into the major groove. We tested the influence of lysine--glutamine exchange on DNA-binding specificities, which led to new conclusions on the WRKY--DNA interface.

MATERIALS AND METHODS
=====================

Sequence alignment and phylogeny
--------------------------------

Assignment of the WRKY DBDs into different groups and subgroups was performed as was described before ([@gkt732-B25]). To identify putative WRKY proteins from non-plant eukaryotes or basal plant species, we performed the reciprocal-best-hit approach by using the tblastn or blastp at the NCBI (<http://www.ncbi.nlm.nih.gov/blast/Blast.cgi>). Annotated sequence data for 72 *Arabidopsis* WRKY proteins (*At*WRKY) ([@gkt732-B3]), 82 rice WRKY proteins (*Os*WRKY) ([@gkt732-B35]), 38 WRKY proteins of *P. patens* (*Pp*WRKY) ([@gkt732-B26]) and 34 WRKY proteins of *Selaginella moellendorffii* (*Sm*WRKY) ([@gkt732-B50]) were retrieved from NCBI. To achieve a better separation of the different WRKY clades, to counteract possible long-branch attraction effects of possible fast evolving WRKY protein sequences and to generate a robust root for each of the clades as well as the entire phylogenetic tree, we included several basal WRKY DBD sequences and possible out-groups from diverse phyla: *G. lamblia* (*Glamblia*WRKY) \[GenBank: XM_765980\], *D. discoideum* (*DdiscoideumWRKY*) \[GenBank: XM_638694\], *Homo sapiens* CRAa FLYWCH-type zinc finger 1 \[GenBank: EAW85450\], *Homo sapiens* GCMa \[GenBank: BAA13651\], *Aspergillus flavus* NRRL3357 \[GenBank: XM_002380447\], *Cyanidioschyzon merolae* \[GenBank: AP006502\], *Ostreococcus lucimarinus CCE9901* \[GenBank: XP_001420519\], *Ostreococcus tauri* \[GenBank: XP_003080785; GenBank: XP_003080527\], *Micromonas* RCC299 (MICPUN_61119) \[GenBank: XP_002504180\], *Micromonas pusilla* (*Mipu*WRKY) \[GenBank: XP_002509266; GenBank: XP_003061495; GenBank: XP_003054981\], *Chlamydomonas reinhardtii* (*Chrh*WRKY) \[GenBank: BQ821537\], *Tetrapisispora blattae* (*Tetrapisispora*WRKY) \[GenBank: HE806321\] and *Coccomyxa subellipsoidea* C-169 (*Cocsub*WRKY) \[GenBank: EIE27409\]. The 60 amino acid spanning WRKY core domains of 295 WRKY DBD sequences ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)) were used to create multiple protein sequence alignments using default settings in ClustalW (<http://www.ebi.ac.uk/clustalw/>) ([@gkt732-B51],[@gkt732-B52]). The phylogenetic trees in [Figure 1](#gkt732-F1){ref-type="fig"}A and [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1) were strict consensus trees and calculated with three different programs, ClustalW (<http://www.ebi.ac.uk/clustalw/>) ([@gkt732-B51]), Phylip (<http://evolution.genetics.washington.edu/phylip.html>) ([@gkt732-B53],[@gkt732-B54]) and Phylogenetic Analysis Using Parsimony (PAUP) (<http://paup.csit.fsu.edu/>) ([@gkt732-B55]), which all resulted in identical tree topologies. Phylogenetic trees were drawn using TreeView software version 1.6.6 (<http://taxonomy.zoology.gla.ac.uk/rod/treeview.html>). The phylogram in [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1) was rooted with the DBD of *H. sapiens* CRAa FLYWCH-type zinc finger 1 \[GenBank: EAW85450\] as an out-group. Figure 1.Phylogeny of WRKY DBDs. (**A**) Unrooted phylogenetic tree of 295 WRKY domain sequences from 16 different species, including all *Arabidopsis* (AtWRKY) and rice (OsWRKY) members. Basal plant WRKY DBD sequences, e.g. from *P. patens* and *S. moellendorfii*, were included to achieve better separation of the different WRKY clades. WRKY groups and subgoups 1--3 are highlighted in different colors. The positions of novel group Ic WRKY proteins and basal group I DBD from *G. lamblia* and *D. discoideum* as well as the *H. sapiens* FLYWCH domain inside the tree are indicated. The tree is drawn to scale, and branch lengths are indicated. A full list of WRKY DBD sequences is provided as [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1). The same data are given as detailed phylogram that shows all labels and names ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). (**B**) Schematic overview of the evolutionary history of the WRKY DBD. The analysis of ancestral WRKY proteins revealed paraphyletic origin for group I proteins and direct monophyletic descent of group IIc WRKY proteins from an ancestral group IIc-like WRKY domain. Presence of WRKY members in the basal plant species *P. patens* or *S. moellendorfii* and in monocot or dicot phyla is indicated by pictographs. Evolutionary relatedness was inferred by the position in the phylogenetic tree, by structural features of the zinc finger and by representative members of the four plant phyla within each of the clades.

Design of the *At*WRKY1 cDBD--DNA complex
-----------------------------------------

The only WRKY DBD protein crystal structure available in the Protein Data Bank (PDB) is the structure of the C-terminal DNA-binding domain (cDBD) of *At*WRKY1 (PDB id: 2ayd) that lacks the DNA double helix ([@gkt732-B42],[@gkt732-B56]) ([Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). The search for similar protein structures of *At*WRKY1 cDBD with the Dali server retrieved the co-crystal of *Mm*GCM1a bound to DNA (PDB id: 1odh, *Z*-score \> 6.2, status 10/2010), as previously described by Duan *et al.* ([@gkt732-B42],[@gkt732-B57],[@gkt732-B58]). We mapped the *At*WRKY1 cDBD protein onto the *Mm*GCM1a protein using root mean square deviation (RMSD)-minimizing superposition (as implemented by the atom bijection method in biochemical algorithms library (BALL)) ([@gkt732-B59]). We defined certain Cα atoms of both proteins and stored them in a paired list. The resulting RMSD value for the optimal aligned β-sheet atoms (26 Cα atoms) was 0.88 Å and for all WRKY DBD atoms (68 Cα atoms) was 3.18 Å. Thereby, a first protein--DNA complex model of AtWRKY1 cDBD bound to DNA, provided by chains B and C of 1odh, can be constructed.

Design of the *At*WRKY1 cDBD--W2-box DNA complex
------------------------------------------------

The original 1odh DNA sequence (5′-CGATGCGGGTGCA-3′) was mutated using the DNAmutator method in BALL ([@gkt732-B57],[@gkt732-B59]). The DNAmutator method builds a new base pair by keeping DNA backbone atoms, deleting atoms of the old nucleobase and inserting atoms of the new nucleobase in the same plane as the old ones. The A·T base pair (bp) at the 3′ position was deleted. The 12-bp-long DNA was mutated according to the parsley PR1-1 W2-box promoter sequence (5′-TCAAAG[TTGACC]{.ul}AATAAT-3′) that includes the previously described WRKY target DNA sequence also known as the W2-box (5′-TTGACC-3′) ([@gkt732-B22]). Initially, the first 12 bp of the W2 sequence were tested within the *At*WRKY1 cDBD--DNA complex. Subsequently, the 12-bp sequence was shifted relative to the protein domain six times by one base in the 3′ direction; thus, seven complexes were constructed. The *At*WRKY1 cDBD was kept at the same relative position to the 12-bp DNA structure and was repeated with the reverse complement DNA strand. That resulted in 14 protein--DNA complexes with different base pair sequences, all containing the W2-box at different positions relative to the protein domain.

*At*WRKY1 cDBD--DNA-binding interface
-------------------------------------

We know from previous studies that conserved WRKYGQK amino acids form contacts with 'TTGACC' ([@gkt732-B42; @gkt732-B43; @gkt732-B44]). To identify the most probable protein--DNA complex, we performed molecular dynamics (MD)-simulations for all of the 14 different protein--DNA complexes and calculated their binding affinities with the Molecular Mechanic - Poisson-Boltzmann Surface Area (MM-PBSA) approach, provided by Amber 11 ([@gkt732-B60]) ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). The protonation states of the protein's amino acids were determined with H++ ([@gkt732-B61]), and the residues are renamed according to Amber naming conventions. Because WRKY DBD proteins contain a zinc ion, which is coordinated by two histidines (residues: 361 and 363 in 2ayd) and two cysteines (residues: 332 and 337 in 2ayd), these four residues are protonated and renamed correspondingly. We used the ff99sb force field and loaded specific parameters for nucleic acids (DNA_CI.lib and frcmod.parmbsc0) ([@gkt732-B62],[@gkt732-B63]). We specified certain values for dihedral angles and improper torsions for the Zn^2+^ ion in library and frcmod files. Seventeen Na^+^ ions were added to neutralize the system; additional 33 Na^+^ and 33 Cl^−^ ions were added to gain a salt concentration of 0.2 M, while the protein--DNA complex was placed in an octahedral water box of ∼9000 TIP3P water molecules with a 15-Å distance to the end of the box ([@gkt732-B64]). This was done using LEaP, which is a preparatory program provided by Amber and creates topology and coordinate files for the MD simulation. The system was minimized in several steps gradually releasing more and more atoms from spatial constraints. Then it is heated up from 100 to 300 K and relaxed at this temperature to an equilibrium state. While heating up, the protein--DNA complex was constrained, and the constraints were released gradually in several steps. In all 100-ps-long relaxation steps, the center-of-mass motion was removed every 1000 steps to avoid energy drains ([@gkt732-B65; @gkt732-B66; @gkt732-B67]). When 300 K was reached, the system was kept at this temperature using a Langevin thermostat with a collision frequency of 2.0 ps^−1^. The particle mesh Ewald method was used to treat long-range electrostatic interactions ([@gkt732-B68]). The SHAKE algorithm was applied to constrain bond lengths involving bonds to hydrogen atoms; therefore, a time step of 2 fs was sufficient ([@gkt732-B69]). After a relaxation period at constant pressure for 100 ps, the system was simulated for 20 ns. During this production run, only the two 3′--5′ bp of the DNA double helix and 23 β-sheet Cα atoms were constrained with a harmonic force constant of 1 kcal/mol A2. During the last 5 ns of the production run, binding free energies and specific contacts between amino acids and base pairs were calculated. The MM-PBSA Perl script of Amber 11 was used to extract 26 complexes evenly spread over the last 5 ns of the production run. Default parameters were used to calculate binding free energies for each complex. Studying contacts in the range between 1 and 2.5 Å over the last 5 ns of the production run, which were lasting for at least 80%, yielded a clear preference for one *At*WRKY1 cDBD--DNA complex ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). Thus, we modeled an *At*WRKY1 cDBD--DNA complex, which makes specific contacts to the 'TTGACC' sequence. Our designed complex is in good agreement with an NMR WRKY4--DNA complex published recently ([@gkt732-B44]).

Homology modeling of four different WRKY DBDs
---------------------------------------------

To study specificity at the binding interface of different WRKY proteins, we modeled the DBD of *At*WRKY11, *At*WRKY33 c, *At*WRKY33 n and *At*WRKY50. We used *At*WRKY1 cDBD (PDB ID: 2ayd) as template structure and the amino acid sequences described in [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1) for homology modeling in Prime (Version 3.0, Build: 30111) ([@gkt732-B42],[@gkt732-B70],[@gkt732-B71]).

*At*WRKY11 and *At*WRKY50--DNA-binding specificity
--------------------------------------------------

The Q29K and K26Q mutations in *At*WRKY11 and *At*WRKY50, respectively, were created using BALL ([@gkt732-B59]). Then we built four protein--DNA complexes with the atom bijection and RMSDminimizer methods in BALL using the modeled *At*WRKY1 cDBD--DNA complex as reference structure. The wild-type and mutated *At*WRKY50--DNA complexes were simulated using the same protocol as described for the *At*WRKY1 cDBD--DNA complexes. Over the last 5 ns of the production run of the four protein--DNA complexes, snapshots were extracted every 200 ps. Information about proximity sites in these complexes was also extracted ([Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)).

*At*WRKY33 cDBD and *At*WRKY33 nDBD--binding specificity
--------------------------------------------------------

We simulated *At*WRKY33 cDBD and nDBD protein--DNA complexes using the same MD simulation protocol as described for the *At*WRKY1 cDBD--DNA complexes. Over the last 5 ns of the production run, snapshots of both protein--DNA complexes were extracted every 200 ps. Binding free energies with the MM-PBSA method using the same parameters as described for the *At*WRKY1 cDBD--DNA complexes were estimated. Additionally, proximity sites were extracted every 200 ps over the last 5 ns ([Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)).

Molecular cloning
-----------------

The coding sequences of *Arabidopsis thaliana WRKY11 DBD*, *WRKY33 cDBD*, *WRKY33 nDBD* and *WRKY50 DBD* were amplified using complementary DNA from *A.thaliana* flowers as template and gene-specific primers from Biomers.net GmbH, Germany ([Supplementary Table S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). The specific polymerase chain reaction products were inserted into the Gateway compatible vector pENTR/D-TOPO (Life Technologies, Germany) and transformed into DH5α *Escherichia coli* cells (Stratagene, Germany). By site-directed polymerase chain reaction mutagenesis with suitable primers using the respective pENTR/D-TOPO vector as template, the mutated versions *At*WRKY11 DBD_Q29K and *At*WRKY DBD_K26Q were created ([Supplementary Table S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). After sequencing, BP reaction was performed with Gateway *pET-DEST42* vector according to the manufacturer's protocol (Life Technologies, Germany). Owing to the expression vector, a C-terminal His-epitope is translationally fused when expressed in *E. coli* expression strain BL21 (Stratagene, Germany). As a negative control, we used BL21 cells transformed with *pET-DEST42-empty* without *ccDB* cassette ([@gkt732-B38]).

Protein expression and protein extraction
-----------------------------------------

Proteins were expressed and extracted according to Brand *et al.* ([@gkt732-B38]). After detection of the His epitope-tagged proteins by western blot analyses, the native crude *E. coli* protein extracts were used for DPI-ELISA.

DPI-ELISA and DPI-ELISA screen
------------------------------

Native crude *E. coli* protein extracts containing recombinant *A. thaliana* WRKY11 DBD:His, WRKY33 cDBD:His, WRKY33 nDBD:His, WRKY50 DBD:His, WRKY11 DBD_Q29K:His and WRKY50 DBD_K26Q:His were used for DPI-ELISA and DPI-ELISA screen as described before ([@gkt732-B38]) (Brand,L.H., Henneges,C., Schüssler,A., Kolukisaoglu,H.U., Koch,G., Wallmeroth, N., Hecker, A., Thurow,K., Zell,A., Harter,K. and Wanke,D, submitted) ([Supplementary Table S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1) and [Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). The DPI-ELISA screen absorbance data were set relative to the highest signal in each experiment ([Supplementary Table S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). The double-stranded DNA probes were valued positive, if the relative absorbance was above the significance threshold. The significance threshold was designated as the 2-fold standard deviation of the average of the relative absorbance of all probes within one experiment (*P* ≤ 0.05). To deduce a binding consensus for each WRKY DBD, the forward sequences of all positive probes of each individual experiment were analyzed using Multiple Em for Motif Elicitation (MEME) with settings 0/1 per sequence, 4--6 bp and 3 motifs ([@gkt732-B72]). The motif consensus and its position within the sequences were subsequently assessed for each of the quartiles independently. The number of probes that contain the motif displayed as Weblogo is indicated as small numbers ([Supplementary Table S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). The Weblogos were created with Weblogo version 3.0 ([@gkt732-B73]). The quantitative DPI-ELISA absorbance data of two technical replicates were normalized by subtraction of the negative BL21 control extract.

RESULTS
=======

Evolution of WRKY DBDs
----------------------

We aligned the amino acid sequences of the DBD of 295 WRKY proteins from 15 different species to deduce a DBD-specific phylogram ([Figure 1](#gkt732-F1){ref-type="fig"}A, [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). Besides others, the DBD of the *Hs*FLYWCH transcription factor was used as an out-group to resolve the phylogenetic relation of WRKY DBDs in plants. Within the phylogram, the plant-specific clades are highlighted. The previously described three main plant WRKY groups (I--III) can be identified, but groups I and II constitute paraphyla ([@gkt732-B3],[@gkt732-B7],[@gkt732-B10]). The monophyletic plant WRKY DBD dates back to an ancestral WRKY protein with one WRKY domain only, presumably found in a basal non-plant eukaryotic organism. For the dissection of the phylogenetic relation of plant WRKY DBDs, we took into account sequence similarities, structures of the zinc finger motif and the existence of WRKY representatives in basal plant species ([Figure 1](#gkt732-F1){ref-type="fig"}B). To achieve better separation of basal WRKY groups, to counteract long-branch attraction effects and to avoid artifacts due to rapidly evolving sequences, we included several basal WRKY-like DNA-binding zinc finger sequences as out-groups, such as human GCM1a, a human FLYWCH and two aberrant WRKY consensus from the mold *Aspergillus* and the yeast *Tetrapisispora*. To dissect the paraphyletic origin of WRKY proteins, we first analyzed group I-like WRKY DBDs from the protozoa *G. lamblia* and the slime mold *Dictyostelium*. Both WRKY proteins have an N-terminal (n-) and a C-terminal (c-) DBD and, hence, are by definition group I-like WRKY proteins. Interestingly, the domains of *G. lamblia* do not cluster with any group I WRKY, despite exhibiting two WRKY DBDs. Both *Dictyostelium* DBDs cluster with group I cDBDs. The *Dictyostelium* nDBD is in clade Ib, whereas the cDBD is close to clade Ia. These findings proof the paraphyletic nature of group I WRKY proteins. As a consequence, and in vast contrast to previous assumptions, these ancestral group I-like WRKY proteins with two DBDs cannot be the ancestors of plant WRKY DBDs. Based on our phylogenetic analysis, we can conclude that the ancestral group I-like WRKYs as well as groups Ia and Ib evolved independently due to a duplication of a IIc-like ancestral WRKY DBD. Owing to the proximity of clade IIc to the basal out-groups, such as mouse GCM1a and the *Dm*FLYWCH, we can propose that members of group IIc are most probably direct descendants of a single ancestral IIc-like WRKY DBD. The evolution of group IIc WRKY proteins with only one WRKY DBD from either group Ia or Ib by loss of the DBD requires more evolutionary steps compared with the direct lineage-specific monophyletic offspring and, therefore, is less probable.

In addition, WRKY groups IIc, Ia and Ib form clades that contain representatives from all plant divisions. To achieve better separation of the other clades, we included WRKY DBDs from basal plant species, as mentioned previously, such as moss *P. patens* and spikemoss *Selaginella moellendorfii*. Hence, WRKY groups that contain representatives in mosses, ferns, mono- and dicots must have existed already before the evolution of land plants. Those clades that lack basal representatives must have evolved during later phases of land plant speciation. Because of the proximity of group IIa WRKYs with the clades Ia and Ib, it is evident that the IIa WRKY clade evolved from group I WRKY proteins through loss of their nDBD. This is also the case for group IIb WRKY proteins; however, IIb representatives can only be found in mono- and dicotyledonous species and, thus, they must be descendants from group IIa WRKYs. The clade of group IId WRKYs is evolutionary more distant from clade Ia and Ib cDBD and has more changes in the zinc finger compared with clades IIa and IIb. Hence, clade IId WRKYs evolved most likely from group IIa. The same accounts for group IIe WRKYs, but representatives are missing in mosses. Therefore, group IIe WRKY proteins are most probably descendants from clade IId. The evolutionary youngest WRKY domains are found in the clade of group III WRKY proteins. All group III members have an even more diverged C2-HC zinc finger motif. In particular, clade IIIb appears to be evolutionarily young and the descendent from group IIIa because its representatives can be found in angiosperms only. Interestingly, a grass-specific subgroup of clade IIIa WRKY proteins has two WRKY domains and, by definition, must be addressed as novel group Ic WRKY proteins. There is no phylogenetic support for an independent group Ic clade because it evolved recently due to a duplication of single group IIIa WRKY DBDs in the Gramineae. As the amino acid sequences of the Ic cDBD and nDBD diverged only insignificantly, group Ic WRKY proteins belong evidently to clade IIIa, which again supports the paraphyletic origin of group I WRKY proteins in general.

Molecular structure and DNA-binding specificities of WRKY DBDs
--------------------------------------------------------------

The phylogenetic analysis revealed distinct groups of diverged WRKY DBDs, which possibly reflect WRKY group-specific DNA-binding properties. To test this hypothesis, we chose to analyze the DBDs of representatives of three different groups in detail. We chose *At*WRKY50 (group IIc) and *At*WRKY11 (group IId), which we had used for *in vitro* DNA-binding studies previouly, as well as the DBDs of the well-characterized *At*WRKY33 (group I) ([@gkt732-B38]) ([Figure 2](#gkt732-F2){ref-type="fig"}A). Although they belong to different groups, homologous proteins can be found in mosses, ferns, mono- and dicotyledonous species. *At*WRKY33, a group I member, exhibits two DBDs. Despite the DNA-binding ability of *At*WRKY33 cDBD, which was shown before, the DNA-binding ability of *At*WRKY33 nDBD or any other group I nDBD has been proposed from sequence comparison, but could never be experimentally validated ([@gkt732-B20],[@gkt732-B39],[@gkt732-B42],[@gkt732-B47; @gkt732-B48; @gkt732-B49]). Figure 2.Homology models of *At*WRKY DBDs. (**A**) The general protein secondary structure based on the crystal structure of WRKY1 C-terminal DNA-binding domain (cDBD; PDB id: 2ayd) is given above the alignment of *At*WRKY cDBDs and N-terminal DBD (nDBD). Black bars highlight the conserved zinc finger; other conserved amino acids are indicated: (**\***) same amino acid, (:) amino acid with similar chemical properties, (.) majority of amino acids with similar chemical properties. (**B**) The five conserved β-strands of *At*WRKY1 cDBD are colored according to A in the structure shown (PDB id: 2ayd). (**C**) The overlay of the protein-DNA models of *At*WRKY33 cDBD (orange) and WRKY33 nDBD (green) is displayed. The protein structures are homology models and superimposed with respect to their β-sheet Cα atoms.

To analyze the WRKY--DNA complex in detail, we chose a homology modeling-based approach. The tertiary structure of the protein domain was resolved with the crystal structure of *At*WRKY1 cDBD ([@gkt732-B42]). In general, the β-sheet consists of five β-strands that are connected by flexible loop regions ([Figure 2](#gkt732-F2){ref-type="fig"}A). Whereas β~2~, β~3~ and β~4~ are highly similar between the DBDs of interest, the positions β~1~ and β~5~ seem to be more variable. The crystal structure model of *At*WRKY1 cDBD reveals that β~1~ and β~5~ are more distant from the DNA-binding site, which is mainly represented by β~2~ ([Figure 2](#gkt732-F2){ref-type="fig"}B). In contrast to other zinc finger DNA-binding proteins, the involvement of the positively charged zinc ion in DNA binding of WRKY proteins can be excluded. The zinc ion is coordinated between β~3~ and the C-terminal end of the DBD and presumably confers the stable tertiary domain structure. Unfortunately, there is no information from X-ray structures of co-crystalized WRKY proteins bound to a given DNA consensus; to date only NMR data could be found ([@gkt732-B44]). Hence, we decided to map the *At*WRKY1 cDBD onto the *Mm*GCM1a-DNA co-crystal structure. The DNA sequence was changed to a well-known WRKY binding site, the W2-box from parsley ([@gkt732-B22],[@gkt732-B38],[@gkt732-B39],[@gkt732-B48]). The homology model of *At*WRKY33 cDBD and nDBD with DNA reveals an almost identical co-structure of both domains with DNA, which supported the idea of general group I nDBD DNA-binding abilities ([Figure 2](#gkt732-F2){ref-type="fig"}C). The molecular dynamic simulation of *At*WRKY33 DBDs with DNA even strengthened this hypothesis ([Figure 3](#gkt732-F3){ref-type="fig"}A): the calculated binding affinity of *At*WRKY33 cDBD to the W2-box is even higher compared with *At*WRKY1 indicating a strong protein--DNA interaction. The binding affinity of *At*WRKY33 nDBD to the 'TTGACC\' motif is slightly lower compared with *At*WRKY1 cDBD. This indicates a binding of *At*WRKY33 nDBD to DNA, which might be weaker though, compared with the cDBD. We tested the DNA-binding ability of *At*WRKY33 n- and cDBD to the known W2-box by DPI-ELISA ([Figure 3](#gkt732-F3){ref-type="fig"}B). For the first time, we could show the sequence-specific DNA binding of a group I nDBD. The nDBD of *At*WRKY33 specifically binds to the W2-box but not to its mutated version W2m. Furthermore, the DNA-binding affinity of *At*WRKY33 nDBD seems to be reduced compared with the cDBD, as is consistent with the *in silico* molecular modeling data. To reveal the WRKY DNA-binding specificities of both DBDs, we performed DPI-ELISA screens ([Figure 3](#gkt732-F3){ref-type="fig"}C, [Supplementary Tables S5--7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1) and [Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). In general, both DBDs are binding 'TTGACY\' motifs with highest affinity. Both domains allow certain variability in the 5′ region of the consensus, whereas the 'GAC\' core of the W-box motif is invariant. The *At*WRKY33 cDBD, however, allows more changes in the W-box sequences compared with its nDBD ([Figure 3](#gkt732-F3){ref-type="fig"}C). Figure 3.Comparison of the DNA-binding specificities of group I *At*WRKY33 N-terminal and C-terminal DNA-binding domain. (**A**) The relative binding free energies (kcal/mol) of *At*WRKY33 C-terminal DNA-binding domain (cDBD) and *At*WRKY33 N-terminal DNA-binding domain (nDBD) with respect to WRKY1 cDBD to the DNA sequence (5′-AAAG[TTGACC]{.ul}AA-3′) were calculated using the MM-PBSA method in Amber 11. (**B**) Probing of the W2 or W2m DNA with *At*WRKY33 cDBD or nDBD by DPI-ELISA reveals binding ability of both protein domains (n.d.s., no detectable signal; absolute error is shown). Each absorbance value was normalized to the mean of the background control. (**C**) The XY-plots of relative absorbance values of the DPI-ELISA screens of *At*WRKY33 cDBD and nDBD are shown. Those double-stranded DNA probes significantly bound by *At*WRKY33 cDBD and nDBD are in blue, those only bound by *At*WRKY33cDBD are in green and those only bound by *At*WRKY33nDBD are in orange. The filled circles indicate probes exhibiting the known 'TTGACY' binding motif. Lines indicate the significance threshold (*P* ≤ 0.05). The sequences of all positively bound probes were used as MEME input for motif identification. Motif consensus was shown as Weblogos; numbers of probes that contain the motif displayed as Weblogo and number of motifs per quartile are indicated as small numbers.

Hence, by using the DPI-ELISA screen, we can conclude on WRKY DNA-binding specificities in a general view, which means we are able to reveal subtle differences in the DNA recognition spectrum of each DBD. This might help to conclude on WRKY group-specific DNA sequence recognition. Therefore, we tested the DBDs of *At*WRKY11 and *At*WRKY50 also by DPI-ELISA screen ([Figure 4](#gkt732-F4){ref-type="fig"}). Both were shown to specifically recognize the W2-box consensus ([@gkt732-B38]). On the basis of our phylogenetic analyses, we propose that the group IId DBD of *At*WRKY11 evolved from a group I cDBD ([Figure 1](#gkt732-F1){ref-type="fig"}B). In contrast, the group IIc DBD of *At*WRKY50 is more related to the DBD that was most likely derived directly from an ancestral group IIc-like WRKY. The comparison of *At*WRKY11 with the DBDs of *At*WRKY33 reveals that all prefer the 'TTGACY' consensus as expected ([Figure 4](#gkt732-F4){ref-type="fig"}A and B, [Supplementary Table S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). Despite the fact that *At*WRKY11 DBD and *At*WRKY33 nDBD share some hits, both bind to certain probes that seem to be DBD-specific. The nDBD of *At*WRKY33 seems to bind less specific in the 5′ region of the consensus compared with *At*WRKY11 DBD. In contrast, all hits of the *At*WRKY11 DBD DPI-ELISA screen were successfully revealed within the *At*WRKY33 cDBD experiment. These data underpin the evolutionary relation between group IId DBDs and group I cDBDs. Consistently, *At*WRKY50 DBD also prefers to bind to the 'TTGACY' consensus ([Figure 4](#gkt732-F4){ref-type="fig"}C and D, [Supplementary Table S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)). However, *At*WRKY50 DBD shares some hits with the nDBD and the cDBD of *At*WRKY33, whereas in both cases DBD-specific probes can be found. Hence, we cannot support the idea that group IIc DBDs might be derived from group I nDBD. Instead, these findings are in line with our hypothesis of a direct descent of group IIc WRKY transcription factors from yet unknown ancestral group IIc-like WRKY proteins. Nevertheless, it should be noted that *At*WRKY50 DBD clusters within an angiosperm-specific subgroup of clade IIc, which might have evolved recently and, therefore, lacks homologs in other divisions. Figure 4.Comparison of the DNA-binding specificities of four *At*WRKY DBDs. The XY-plots of relative absorbance values of the DPI-ELISA screens of the DBDs of *At*WRKY11 DBD versus *At*WRKY33 nDBD (**A**), WRKY50 DBD versus WRKY33 nDBD (**B**), WRKY33 cDBD versus WRKY11 DBD (**C**) and WRKY33 cDBD versus WRKY50 DBD are graphed. The dsDNA probes significantly bound by both the x- and y-component are in blue, those only bound by the respective x-component are in green and those only bound by the respective y-component are in orange. The filled circles indicate probes exhibiting the known 'TTGACY' binding motif. Lines indicate the significance threshold (*P* ≤ 0.05). The sequences of all positively bound probes were used as MEME input for motif identification. Motif consensus was shown as Weblogos; numbers of probes that contain the motif displayed as Weblogo and number of motifs per quartile are indicated as small numbers.

Identification of residues responsible for the DNA-binding specificity of *At*WRKY50 and *At*WRKY11
---------------------------------------------------------------------------------------------------

Still the question remains open how the sequence-specific DNA binding of WRKY proteins is mediated. *At*WRKY11 DBD and *At*WRKY50 DBD are relatively distantly related and exhibit an amino acid difference within the highly conserved second β-strand. Therefore, these WRKYs are favored models to study the sequence-specific DNA recognition of WRKY DBDs in detail ([Figure 5](#gkt732-F5){ref-type="fig"}). The highly conserved glutamine within β~2~ that in general favors to contact nucleobases due to its partial negative charge is changed to a lysine within the *At*WRKY50 DBD subgroup. Lysine, in contrast, probably favors to contact the negatively charged DNA phosphate backbone because of its partial positive charge. This implies the hypothesis that a reciprocal Q/K change leads to differential DNA-binding specificities of the respective WRKY DBDs. The comparison of the *At*WRKY11 and *At*WRKY50 DBD by DPI-ELISA screens revealed the high-affinity 'TTGACY' DNA-binding motif ([Figure 5](#gkt732-F5){ref-type="fig"}A). In contrast to *At*WRKY11 DBD, *At*WRKY50 DBD seems to only require a conserved 'GAC' core consensus to interact with high affinity with DNA. The *At*WRKY50 DBD permits variations both 5′ and 3′ of the 'GAC\' triplet core. This difference in DNA-binding specificity might be due to the Q/K variance within β~2~. A close-up of the modeled *At*WRKY11 DBD-W2-box co-structure reveals that Gln29 is in proximity to the second thymidine, as was expected, whereas the mutated Lys29 is close to the DNA phosphate backbone, according to what we proposed before ([Figure 5](#gkt732-F5){ref-type="fig"}B and C). Furthermore, the molecular dynamics simulation of *At*WRKY50 DBD and its mutated version *At*WRKY50 DBD_K26Q support this statement ([Figure 5](#gkt732-F5){ref-type="fig"}D). The Lys26 positions close to the DNA phosphate backbone, and Gln26 is close to the thymidine base during molecular dynamics simulations ([Figure 5](#gkt732-F5){ref-type="fig"}D). Therefore, it can be speculated that the DNA-binding specificity of *At*WRKY11 DBD is more similar to the binding specificity of the mutated *At*WRKY50 DBD and *vice versa*. Figure 5.Comparison of the DNA-binding specificities of the DBDs of *At*WRKY50 *versus At*WRKY11. (**A**) The XY-plots of relative absorbance values of the DPI-ELISA screens of the DBDs of WRKY50 DBD and WRKY11 DBD are shown. The dsDNA probes significantly bound by WRKY50 DBD and WRKY11 DBD are in blue, those only bound by WRKY50 DBD are in green and those only bound by WRKY11 DBD are in orange. The filled circles indicate probes exhibiting the known 'TTGACY' binding motif. Lines indicate the significance threshold (*P* ≤ 0.05). The sequences of all positively bound probes were used as MEME input for motif identification. Motif consensus was shown as Weblogos; numbers of probes that contain the motif displayed as Weblogo and number of motifs per quartile are indicated as small numbers. (**B** and **C**) The close-up of the protein-DNA model of WRKY11 DBD (B) and WRKY11 DBD_Q29K (C) is shown (GLN29 - Glutamin - red; LYS29 - Lysin - blue). Both protein structures are homology models and superimposed with respect to their β-sheet Cα atoms. (**D**) The molecular dynamics simulations (10 ns) of WRKY50 DBD (blue) and WRKY50 DBD_K26Q (red) are shown as close-up.

To quantitatively compare and analyze the respective influences of lysine or glutamine residues on the DNA-binding specificity of WRKY DBDs, we tested the DBD wild-type and mutant versions of *At*WRKY11 and *At*WRKY50 by quantitative DPI-ELISA ([Figure 6](#gkt732-F6){ref-type="fig"}). To allow for quantitative analyses, equal amounts of heterologous-expressed protein were applied ([Figure 6](#gkt732-F6){ref-type="fig"}A). Interestingly, the DNA-binding affinity to the W2-probe of *At*WRKY11 DBD_Q29K was drastically decreased compared with the wild-type version ([Figure 6](#gkt732-F6){ref-type="fig"}B). This indicates that Gln29 is essential for the high affinity of *At*WRKY11 DBD to DNA. However, glutamine or lysine on position 26 in the *At*WRKY50 DBD does not influence its DNA-binding affinity to the W2-probe. The DNA-binding affinity of *At*WRKY50 DBD_K26Q to the other tested DNA probes was drastically decreased compared with the wild-type version, and thus more similar to the *At*WRKY11 DBD results. This indicates that the glutamine in the second β-strand is important for sequence-specific DNA recognition and binding. In case of the *At*WRKY50, the lysine is necessary for the DNA binding of aberrant W2-box versions. Figure 6.Influence of the glutamine/lysine of the β~2~-strand of the DBDs of *At*WRKY50 DBD and *At*WRKY11 DBD on the DNA-binding specificities. (**A**) Crude *E. coli* protein extracts of WRKY11 DBD, 11_DBDQ29K, 50 DBD and 50 DBD_Q26K were analyzed by western blot analyses to show comparable protein concentrations and appropriate protein sizes. (**B**) Equal amounts of protein extract \[3 µg/well\] were used to probe dsDNA probes \[2 pmol/well\] with different versions of the W-box by quantitative DPI-ELISA. The forward sequences of the dsDNA probes are given below the graph. The invariable GAC-core is shaded in gray. The absorbance values were normalized to the mean of the background controls. The absolute error is shown.

It is evident from our molecular dynamics simulations and the previously published protein--DNA NMR data that more amino acids are necessary for the specific protein--DNA interaction of the WRKY DBD than the glutamine or lysine within the second β-strand ([Figure 7](#gkt732-F7){ref-type="fig"}, [Supplementary Table S8](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)) ([@gkt732-B42],[@gkt732-B44]). Our binding interface analyses of molecular dynamics simulations of WRKY DBD--DNA complexes (20 ns) contributed to a refined knowledge of WRKY--DNA interaction sites. Taken together, the simulations of *A. thaliana* WRKY33 c-/n-, WRKY50 and WRKY11 DBD give evidence that not only the β~2~-strand is necessary for the specific protein--DNA interaction, but also β~3~ and β~4~ are required. This is in accordance with previously published data ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt732/-/DC1)) ([@gkt732-B42],[@gkt732-B44]). Although the binding interface data extracted from the molecular dynamic simulations should be regarded as possible interaction sites only, many of them overlap with the NMR data of *At*WRKY4 with DNA ([@gkt732-B44]). Despite the fact that WRKY DBDs bind to an invariant 'GAC' core consensus, the amount of specific amino acid--base interactions within this core is limited. Hence, the mechanism by which the specific WRKY-\'GAC\' core recognition is mediated remains elusive. Figure 7.Model of the WRKY--DNA-binding interface. The molecular dynamics simulations of WRKY DBDs led to the identification of amino acids in 1--4Å proximity to either the nucleobases or the phosphate backbone of the DNA (arrow). These amino acids are considered to possibly influence WRKY binding to the W-box. The conserved tryptophan (W1) and the zinc finger are important structural determinants for the WRKY--DNA interaction, but are not in proximity to the DNA (X~n~--number of amino acids between conserved proximity sites).

DISCUSSION
==========

Our phylogenetic analysis of the WRKY DBDs from several lineages is coherent with previously published phylogeny and further refines the knowledge on WRKY DBD evolution ([@gkt732-B3],[@gkt732-B7],[@gkt732-B10],[@gkt732-B45]). There were putatively three independent events of DBD duplication resulting in groups I a--c. The DBD duplication in group Ia and Ib proteins is likely not to be of monophyletic origin, but evolved independently at different evolutionary times ([@gkt732-B10],[@gkt732-B24],[@gkt732-B30],[@gkt732-B74]). Nevertheless, these group I proteins were the ancestors of all groups II and III ([@gkt732-B10]), with the exception of group IIc, which we propose derived directly from an ancestral group IIc-like WRKY DBD. It is possible that group IIa and IId proteins evolved independently through loss of the nDBD from group I WRKY proteins ([@gkt732-B10],[@gkt732-B29]). The hypothesis of independent nDBD losses is strengthened by the comparative analysis of syntenic gene loci in tomato and two Brassicaceae by Rossberg *et al.* ([@gkt732-B75]). They identified a group I WRKY in tomato that is orthologous to the group II-type WRKY10 in *Capsella rubella* and *A. thaliana* ([@gkt732-B75]). WRKY10 experienced a deletion of the nDBD in the Brassicaceae lineage. *At*WRKY10 mutation causes the MINISEED3 phenotype, which exhibits severe effects in the formation of seeds ([@gkt732-B17]). Hence, AtWRKY10/Miniseed3 is a lively example of the paraphyletic nature of both group I and II WRKY proteins. Group II seems to have quite recently evolved into groups IIIa and IIIb in the early land plant lineage ([@gkt732-B10],[@gkt732-B24]). Interestingly, group IIIa includes group I-like proteins. This again underlines the paraphyletic origin of group I and indicates a selective pressure for WRKY transcription factor diversification ([@gkt732-B24],[@gkt732-B45]). Furthermore, the presence of the novel group Ic and comparably old group I proteins suggests an evolutionary advantageous function for the second DBD. We could show for the first time that both WRKY DBDs of a group Ia WRKY are capable of binding to DNA. One can hypothesize that the two WRKY DBDs of group I proteins bind to two neighboring DNA motifs of the same side of the DNA strand. Consequently, the individual spacing between the two WRKY domains will directly translate into a defined distance of the two consecutively bound W-box motifs. Taking the different evolutionary histories of nDBD and cDBD into account, it is not surprising that both domains displayed different binding specificities. In line with previous speculations, it is likely that the nDBD of group I WRKY proteins also contributes to promoter-specific binding ([@gkt732-B20],[@gkt732-B39],[@gkt732-B47; @gkt732-B48; @gkt732-B49]). Our DNA-binding assay, along with previously published results, revealed that the majority of tested WRKYs bind to an invariant 'GAC\' core consensus ([@gkt732-B25],[@gkt732-B38],[@gkt732-B39],[@gkt732-B76]). Still, WRKY proteins allow DBD-specific variations in their DNA-binding affinity outside this region ([@gkt732-B38],[@gkt732-B39]). The variability of their respective DNA-binding consensus supports the proposed phylogeny as well.

Our *in silco* analyses and DNA-binding assays of *At*WRKY11 DBD and *At*WRKY50 DBD suggest a new mechanism by which the variability in WRKY DNA-binding specificity is influenced. The aberrant β~2~ lysine of the *At*WRKY50 DBD contacts the phosphate backbone and not the base, and thereby confers the 5′ variability of the *At*WRKY50 DNA consensus. The binding mechanism of *At*WRKY11 appears to be different compared with *At*WRKY50, where other amino acids are necessary for specific protein--DNA interaction. The X-ray structure and NMR data, together with our and previous simulations, helped to identify the amino acids that are most probably in direct contact with the DNA ([@gkt732-B42],[@gkt732-B44]). This is, however, not sufficient to explain the specific recognition of the 'GAC\' core and suggests the involvement of other binding mechanisms, such as DNA shape read out for specific WRKY-DNA interaction. The analysis of the distantly related mouse GCM1 protein co-crystallized with DNA revealed that the bound DNA is altered in its shape. Instead of the regular B-form of Watson--Crick base pairs, the contact site in the GCM1--DNA crystal complex exhibits a possible Hoogsteen base pairing ([@gkt732-B57]). The WRKY DNA target includes a potential Hoogsteen-dinucleotide step 'TpG\' ('T[TG]{.ul}AC\') ([@gkt732-B77]). Therefore, we postulate that not only the DNA base read out is necessary for specific WRKY--DNA interaction, but also the evaluation of the local DNA shape and electrostatic potential, as it was described for other transcription factors previously ([@gkt732-B78]). The influence of adjacent sequences on the WRKY DNA-binding affinity that was reported by Ciolkowski *et al.* ([@gkt732-B39]) further supports the possible involvement of DNA shape read out mechanisms of the WRKY--W-box interaction. For example, the DNA-binding affinity of *E. coli* EXTRACYTOPLASMIC FUNCTION σ FACTOR (σ^E^) is influenced by the width of the neighboring minor grove that is not directly bound by σ^E^ ([@gkt732-B79]). Recently, the X-ray structure of a NO APICAL MERISTEM/CUPPED SHAPED COTTELYDON (NAC)--DNA complex was published ([@gkt732-B80]). NAC proteins share structural homology with the WRKY/GCM1 proteins, and they possess a WRKY DBD-like exposed β-strand that has similar electrostatic distribution and curvature ([@gkt732-B81]) (Lou,Z.Y., Chen,Q.F., Wang,Q. and Xiong,L.Z, unpublished). The co-structure of Arabidopsis NAC019 (ANAC019) with DNA revealed that this WRKY-like β-strand protrudes into the DNA major groove ([@gkt732-B81]). The DNA bound by the dimeric protein is largely in harmonic B-conformation, and it is proposed that because of the minor flexibility of the ANAC dimer low-affinity DNA motifs are recognized ([@gkt732-B80]). Further analyses by high-resolution co-crystallography are required to disclose whether the DNA bound by WRKY proteins is in harmonic B-conformation or not.

Interestingly, it was shown that VQ-motif-containing proteins [SI]{.ul}GMA FACTOR [B]{.ul}INDING PROTEIN 1 (SIB1) and SIB2 enhance the DNA-binding affinity of *At*WRKY33 to a tandem repeat of the W2-box *in vitro* ([@gkt732-B82]). This proves that other WRKY interacting proteins influence DNA-binding affinities and render it possible that low-affinity *in vitro* targets might constitute high-affinity *in vivo* targets, as it was shown for the viral transcription factor [R]{.ul}EPLICATION AND [T]{.ul}RANSCRIPTION [A]{.ul}CTIVATOR ([@gkt732-B83]). Therefore, WRKY protein domains other than the DBD are crucial determinants for complex formation in the nucleus or at the DNA, as well as for promoter-specific functions of WRKY proteins. Recently, Cheng *et al.* ([@gkt732-B46]) showed that VQ-motif proteins interact with group I cDBD and group IIc DBD but neither with group I nDBD nor with other groups II and III DBDs. This further emphasizes the independent decent of IIc and the group I cDBD from an ancient IIc-like WRKY DBD. Interestingly, the interaction site was mapped to the region of the first β-strand, which we suggest by sequence homology to be different between *At*WRKY33 nDBD and cDBD ([Figure 2](#gkt732-F2){ref-type="fig"}) ([@gkt732-B46]). The retained function of VQ-motif interaction confirms that the descent of group IIc WRKYs from group I WRKY proteins due to a loss of any DBD is almost impossible and can, therefore, be excluded with confidence. VQ-motif protein binding might, therefore, be an evolutionary, rather old, feature, which possibly has already been present in ancestral IIc-like WRKY proteins. Still, the WRKY proteins constitute a transcription factor family that evolves and comprises members that are involved in various developmental programs and stress responses. To answer the question, how stimuli-specific responses are integrated by WRKY proteins, requires further comprehensive research of promoter-specific WRKY complex assembly.
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